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Summary
Genomic rearrangements linked to aberrant recombi-
nation are associated with cancer and human genetic
diseases. Such recombination has indirectly been
linked to replication fork stalling. Using fission yeast,
we have developed a genetic system to block replica-
tion forks at nonhistone/DNA complexes located at a
specific euchromatic site. We demonstrate that stalled
replication forks lead to elevated intrachromosomal
and ectopic recombination promoting site-specific
gross chromosomal rearrangements. We show that
recombination is required to promote cell viability
when forks are stalled, that recombination proteins
associate with sites of fork stalling, and that recombi-
nation participates in deleterious site-specific chro-
mosomal rearrangements. Thus, recombination is a
“double-edged sword,” preventing cell death when
the replisome disassembles at the expense of ge-
netic stability.
Introduction
At each cell division, the chromosomes must be accu-
rately replicated and equally segregated at mitosis.
DNA synthesis can be compromised when processive
forks encounter replication fork barriers (RFBs). Natural
RFBs occur within the rDNA and centromeric regions
of many organisms (Brewer et al., 1992) and at other
genomic loci such as the tRNA genes (Ivessa et al.,
2003). RFBs are caused by various situations including:
specific DNA secondary structure (e.g., G-quadruplex
DNA), replication converging with transcription (e.g., at
tRNA genes), or tightly DNA bound nonhistone proteins
(e.g., at centromeres). RFBs are also induced by DNA
damage or the inhibition of replication by nucleotide
depletion.
RFBs are a potential source of genetic instability and
may underlie many spontaneous and induced gross
chromosomal rearrangements (GCRs) (Myung et al.,
2001). Cells employ multiple mechanisms to respond to
RFBs to protect genome integrity. In eukaryotes, stalled
forks are stabilized to prevent the replication machinery
dissociating from the site of incorporation (Katou et al.,
2003). This is intra-S phase checkpoint dependent and
the “stabilization” concept has been correlated, by
chromatin immunoprecipitation analysis (ChIP), with
the maintenance of replication proteins at the stall site
(Cobb et al., 2003; Katou et al., 2003). Ideally, when the*Correspondence: a.m.carr@sussex.ac.ukfork is temporarily stalled, DNA helicases or DNA repair
proteins remove the obstruction and replication resumes.
Thus, the replicative machinery remains associated
with the reactive DNA groups, which are protected from
inappropriate processing.
Irrespective of whether they are natural or induced,
two types of RFBs are envisaged: those blocking repli-
cative helicases and those interfering with polymerase
processivity. The two types can be predicted to pose
distinct problems requiring different responses. Where
replicative helicases are able to progress beyond the
stall site (interference with polymerase processivity), it
is necessary to maintain coupling between the site
where nucleotide incorporation last occurred and the
replicative helicases. When coupling is lost, many repli-
cation proteins progress several Kb beyond the incor-
poration site (Katou et al., 2003). Theoretically, this re-
sults in extensive single-stranded DNA regions ahead
of the stall site. Alternatively, when the RFB impedes
the replicative helicase (i.e., an intrastrand crosslink),
coupling the helicase to base incorporation is unneces-
sary. However, it remains important that the polymer-
ases remain DNA associated to prevent inappropriate
processing.
Temporarily stalled forks need not be deleterious.
However, if synthesis cannot be resumed, it may be ad-
vantageous to dissociate replication proteins from
DNA, i.e., to “collapse” the fork. In prokaryotic models,
this option appears to be preferred, providing addi-
tional opportunities to remove or bypass the blocking
lesion using homologous recombination (HR) (Courcelle
and Hanawalt, 2003; Michel et al., 2004). However, bac-
terial cells replicate the whole chromosome (w5 Mb)
from a single origin while eukaryotic cells use multiple
origins. Individual forks are thus unlikely to replicate
>50 Kb. This might suggest that restoration of broken
forks would be less important in eukaryotes, since forks
from adjacent origins could replicate to the site of the
inactive fork whereas in bacteria the fork would have to
be restored to continue replication. Nonetheless, HR in
eukaryotic cells has been implicated in repair and sug-
gested to restart forks following replication protein dis-
assembly (McGlynn and Lloyd, 2002; Muris et al., 1996).
Little is known about how these HR processes operate
or if they are physiological (i.e., deliberate) or pathologi-
cal (i.e., unscheduled).
Natural RFBs help coordinate certain events with
replication. These include rDNA transcription (Krings
and Bastia, 2004) and fission yeast mating type switch-
ing (Dalgaard and Klar, 2000). Such RFBs provide an
opportunity to study specific aspects of replication fork
blockage. In bacteria, replication termination is coordi-
nated by RFBs that stall forks at defined “Ter” sites.
Tus protein binds Ter sites to inhibit replicative helicase
activity (Hill and Marians, 1990; Khatri et al., 1989; Lee
et al., 1989). Inappropriately positioned Ter sites cause
illegitimate recombination, and cell viability becomes
recombination protein dependent (Michel, 2000; Roth-
stein et al., 2000). This indicates that stalled bacterial
forks are prone to recombination. In eukaryotes, the
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690best-studied RFB occurs in budding yeast rDNA re-
peats. These polar RFBs are Fob1 dependent and posi-
tioned close to the 3# end of 35S RNA genes to prevent
replication forks from clashing with the transcriptional
apparatus (Brewer et al., 1992; Kobayashi and Horiuchi,
1996). As a consequence, rDNA replication is largely
unidirectional. A recombination hot spot (HOT1) that
overlaps with the rDNA RFB has also been described
(Keil and Roeder, 1984). It has been proposed that the
RFB is a fragile site where double-strand breaks (DSBs)
are formed during replication. Although DSBs have
been identified near the RFB (Burkhalter and Sogo,
2004), HOT1-induced recombination is not dependent
on an active RFB when the sequence is inserted into
chromosome III (Ward et al., 2000).
To investigate the relationship between replication
fork stalling, checkpoints and recombination, we ex-
ploited the polar RFB near the mat locus in S. pombe
(Dalgaard and Klar, 2001). During S. pombe mating type
switching, DNA replication must occur from telomere
(tel) to centromere (cen). The replication termination se-
quence (RTS1) ensures this by blocking forks coming
from the centromere side of the mat locus. We intro-
duced RTS1 at the ura4 gene. By controlling the ex-
pression of genes required for RTS1 activity, fork
stalling could be induced. This makes cell viability de-
pendent on homologous recombination, but surpris-
ingly, not checkpoint activity. We provide direct evi-
dence in eukaryotic cells that stalled replication forks
are targeted by recombination proteins and that this
leads to recombination events and gross chromosomal
rearrangements.
Results
Site-Specific Replication Fork Stalling
in Fission Yeast
The polar RFB close to the S. pombe mat locus on ChrII
is mediated by the 859 bp RTS1 sequence (Dalgaard
and Klar, 2001). RTS1-dependent fork stalling requires
the inessential swi1, swi3, rtf1, and rtf2 genes. Swi1 and
Swi3 bind the RTS1 sequence (Lee et al., 2004) but are
also globally implicated in fork protection (Katou et al.,
2003; Noguchi et al., 2004). Rtf1 and Rtf2 appear to
function specifically at the RTS1 locus (Codlin and Dal-
gaard, 2003). To create a region of DNA that is difficult
to replicate, we integrated RTS1 sequences on either
side of the ura4 gene (ChrIII, see Figure 1A) to create
RuraR. Efficient autonomously replicating sequences
(ars3004/ars3005) located w5–7 Kb cen-proximal to
ura4 (Segurado et al., 2003) predict that replication pro-
ceeds largely cen to tel. The tel-proximal ars3003 is sit-
uated w40 Kb from ura4. To control RTS1-dependent
replication arrest, either the low-strength nmt81 or the
medium-strength nmt41 inducible promoter was intro-
duced in front of either the endogenous swi1 or rft1
ORFs. The nmt promoter is “off” in the presence of thia-
mine and “on” in its absence (Basi et al., 1993).
Replication intermediates (Figure 1B) can be visual-
ized by two-dimensional gel electrophoresis (2-DGE). If
a single-site-specific fork arrest occurs, partially repli-
cated molecules accumulate as a “spot” on the Y-arc.
Two converging forks arrested within the same frag-
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ient give a “double Y” spot. Double Y’s migrate paral-
el to but faster than Y molecules (Friedman and Brewer,
995). To establish whether RTS1-mediated RFB func-
ions at the RuraR locus, BamHI-XbaI-digested genomic
NA from RuraR swi1+ or RuraR swi1-d strains was an-
lyzed by 2-DGE and Southern blotting with a ura4
robe. In the swi1+ strain, a “small Y spot” appeared,
howing that forks stall within the fragment (Figure 1C).
he size of these small Y molecules corresponds to
ork arrest cen-proximal to ura4. Consistent with fewer
eplication forks progressing through the fragment
hen forks are arrested, the swi1+ strain shows a lower
ntensity of large Y signal compared to swi1-d. We con-
lude that RTS1-mediated RFBs are functional and
wi1 dependent at the Rura4R locus.
To establish that RuraR fork stalling could be regu-
ated by swi1 or rtf1 induction, an EaeI fragment of
uraR nmt-swi1 or RuraR nmt-rtf1 genomic DNA was
nalyzed using the ura4 probe plus or minus induction.
ith swi1 expression off, a uniform Y-arc was ob-
erved, suggesting unperturbed fork progression (Fig-
re 1D, I and II). With swi1 expression on (24 and 48 hr
fter thiamine removal), four distinct replication inter-
ediates were observed and the large Y signal was ab-
ent. We suggest that intermediate 1 corresponds to
en-proximal fork arrest; intermediate 2 corresponds to
en-distal fork arrest; intermediate 3 corresponds to a
ouble Y molecule resulting from fork arrest on both
ides of ura4; and intermediate 4 corresponds to an X
tructure that may represent the signature of a recom-
ination event occurring at the site of fork stalling (Fig-
re 1D, III and V). By regulating rtf1, the same replica-
ion intermediates were observed (Figure 1E). We
onclude that RuraR-specific fork stalling can be in-
uced by controlling swi1 or rtf1 expression.
ecombination Is Required for Cell Viability
n Response to RuraR-Specific Fork Stalling
o determine the requirement for checkpoint and re-
ombination functions in cell growth and viability, we
rossed null mutants corresponding to Rhp51Rad51,
ad50, Rad3ATR, Chk1, and Cds1Chk2 into RuraR nmt-
ft1 or into an isogenic control ura4+ nmt-rft1 back-
round. For recombination mutants, the smt0 back-
round was used, in which there is no imprinting or
reak formed at the mat locus (Styrkarsdottir et al.,
993). Therefore, two separate checkpoint- and recom-
ination-proficient controls (rad+) are analyzed.
rad+ RuraR nmt-rft1 and ura4+ nmt-rft1 strains showed
imilar growth profiles when rtf1 was either off or on
Figure 1F and Supplemental Figure S1 available with
his article online). Similar results were obtained with
uraR nmt-swi1 (Figure 1G). In addition, rad+ RuraR
trains exhibited similar growth in the absence or pres-
nce of uracil. Thus, rad+ cells are able to replicate the
ra4 gene when RuraR-specific fork stalling is induced
nd fork arrest is either transient or efficiently by-
assed.
Checkpoint-deficient cells (rad3-d, chk1-d, and cds1-d)
ehaved similarly to rad+ cells (Figure 1F and Supple-
ental Figure S1; data not shown). In contrast, recom-
ination mutants exhibited slow growth and lost viabil-
ty in response to RuraR-specific fork stalling. When
GCR and Recombination at RFBs
691Figure 1. Site-Specific Fork Stalling in Fission Yeast
(A) The RuraR locus created by introducing the w860 bp RTS1 sequence on either side of the 1.7 Kb HindIII fragment encoding ura4+ on
ChrIII. Numbers 3001–3005 (in black): replication origins (ARS) as named in Segurado et al. (2003). Numbers below (in gray): relative Kbs from
the rDNA.
(B) Expected replication intermediates observed by 2-DGE.
(C) The RuraR-mediated RFB is functional and swi1 dependent. Genomic DNA prepared from HU-treated (20 mM, 3 hr) RuraR swi1-d and
RuraR swi1+ cells was digested by BamHI and XbaI and analyzed by 2-DGE. A swi1-dependent cen-proximal replication arrest is observed.
(D) 2-DGE analysis of EaeI-digested DNA from RuraR nmt-swi1 cells where swi1 transcription is (I) either repressed or (II–IV) induced for 12,
24, or 48 hr by thiamine removal. Predicted structures observed are annotated (V). A 2-DGE corresponding to an equivalent strain expressing
endogenous swi1 is shown for comparison (swi1+) (VI).
(E) 2-DGE analysis of EaeI-digested DNA from RuraR nmt-rtf1 cells where rtf1 transcription is either repressed (off) or induced (on) for 48 hr
by thiamine removal.
(F) Serial-dilution colony spotting assay of RuraR nmt-rtf1 and ura4+ nmt-rtf1 strains in the presence (off) and absence (on) of thiamine. Plates
either + or − uracil, as indicated, to select for ura4+. Genotypes are given on the figure. rad+, recombination- and checkpoint-proficient
strains. Recombination mutants are sensitive to rtf1 induction in the presence of the RuraR locus, but not the unmodified ura4+ locus.
(G) An equivalent experiment to (F), except that transcription of swi1 instead of rtf1 is under nmt control.either the rad50 or rhp51rad51 genes were deleted, the
rad− RuraR nmt-rft1 and rad− ura4+ nmt-rtf1 matched
strains grew with similar profiles when rtf1 was re-
pressed (off). However, the rad− RuraR nmt-rft1 strains
exhibited slow growth and decreased viability com-
pared to the rad− ura4+ nmt-rtf1 strains when rtf1 was
induced (on) (Figure 1F). rtf1 induction resulted in 56%
viability for the rad50-d RuraR nmt-rft1 strain and 50%
viability for the rhp51-d RuraR nmt-rft1 strain com-pared to >90% viability for the respective rad− ura4+
nmt-rtf1 controls (Supplemental Figure S1). Thus, via-
bility loss is not due to rtf1 expression or thiamine star-
vation. Similar data were obtained when swi1 was regu-
lated (Figure 1G; data not shown). Thus, RuraR-specific
fork stalling reduced cell viability in the absence of re-
combination proteins. The presence or absence of ura-
cil did not decrease viability, indicating that this is not
due to ura4 gene loss.
Cell
692RuraR-Specific Fork Stalling Induces
Recombination Foci
In budding and fission yeast, recombination protein foci
are observed in response to DSBs and replication per-
turbation. Rad52 foci are seen in a small percentage of
cells during unchallenged S phase (Lisby et al., 2001;
Meister et al., 2003; Noguchi et al., 2004). It has been
suggested, but not formally demonstrated, that foci
arise when recombination occurs at stalled forks. We
thus asked if a stalled fork induced recombination foci
in the absence of exogenous DNA damage.
Using indirect immunofluorescence (α-Rhp51), we
examined Rhp51Rad51 foci in RuraR nmt-rft1 and ura4+
nmt-rtf1 cells. We used both the nmt81 and the nmt41
promoters to ensure that rtf1 expression levels did not
influence foci formation. In fission yeast, binucleate-
septated cells represent the S phase population,
whereas G2 cells are mononucleated. Based on this,
we scored foci in both S and G2 cells. When rtf1 was
off in RuraR cells, foci were observed in w2%–5% of
septated cells and w5%–10% of mononucleate cells.
When rtf1 was induced, w20%–23% of septated cells
and w16%–20% of mononucleate cells contained foci
(Figures 2A and 2B). In the absence of the RuraR loci
(ura4+), rtf1 induction did not alter foci numbers. Thus,
RuraR-specific fork stalling increased foci w8-fold in
septated (S phase) cells and w3-fold in uninucleate (G2
phase) cells. Similar data were observed when swi1
was regulated and when the mat locus contained the
smt0 allele (Figure 2A; data not shown).
Budding yeast Rad52 is required for all recombina-
tion (Symington, 2002), and recombination is dramati-
cally reduced in S. pombe rad22rad52 null mutants (Doe
et al., 2004). To examine if RuraR-specific fork stalling
induced chromatin-associated Rad22Rad52 foci, we in-
troduced rad22-GFP (at the rad22 locus) into RuraR
nmt-rft1 and ura4+ nmt-rtf1 strains and used an in vivo
chromatin binding assay (Kearsey et al., 2000). When
nmt-rtf1 was off, foci were observed in w1%–3% of
septated cells and 5% of mononucleate cells. When
rtf1 was on in cells containing the RuraR loci, w25% of
septated cells and w23% of mononucleate cells con-
tained foci (Figures 2C and 2D). In the absence of the
RuraR loci (ura4+), there was no significant change fol-
lowing rtf1 induction. Nuclease treatment abolished
these foci (<2% of cells; data not shown). Thus, the
foci induced by RuraR-specific fork stalling are likely
DNA associated.
Together, these data show that chromatin-associated
Rhp51Rad51 and Rad22Rad52 foci are induced by RuraR-
specific fork stalling and that these are present in S
phase and may persist into G2. Due to the long induc-
tion time for the nmt promoter (w12–16 hr), we have
not established a precise time course. However, 24 and
48 hr after thiamine withdrawal (w2 and 9 generations
after rtf1 induction and thus fork stalling), no significant
difference in the number or profile of foci is seen (Figure
2C, bottom). Thus, foci are not a consequence of re-
arrangements accumulating during RuraR-specific fork
stalling.
Rad22 Binds to Stalled Forks
The presence of RuraR-specific Rhp51Rad51 and
Rad22Rad52 foci suggests that recombination proteins
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associate with the RTS1 sequences when forks are
talled. To demonstrate this directly, we performed
hromatin immunoprecipitation (ChIP) using primers
ithin the RuraR region (Figure 2E). Rad22-GFP was
mmunoprecipitated 48 hr after rtf1 induction with
-GFP, and the relative enrichment of the four PCR
roducts was quantified by qPCR. RTS1 sequences
ere not assayed directly because the RTS1 sequence
t the mat locus (ChrII) is present in the genetic back-
round. 5- to 8-fold enrichment was observed for se-
uences close to the cen-proximal RTS1 and 3-fold en-
ichment observed for the cen-distal RTS1 (Figure 2E).
hus, Rad22Rad52 associates specifically with the sites
f replication fork arrest at the RuraR locus.
uraR-Specific Fork Stall Induces Recombination
he presence of recombination proteins at RuraR-spe-
ific fork stalling sites and the loss of viability of cells
xperiencing such stalling in the absence of recombi-
ation proteins suggests that recombination events at
he RuraR locus are responsible for RFB bypass. The
TS1 sequences at RuraR represent an w850 bp in-
erted repeat, separated by the w1.7 Kb ura4 gene.
ntrachromosomal recombination associated with cross-
ng over between the two repeat elements will lead to
n orientation switch of the ura4 sequence. Thus, re-
ombination can be monitored directly by Southern
lot. Two restriction enzymes, BlpI and EcoRV, were
hosen to monitor this possibility (Figure 3A). In recom-
ination-proficient RuraR nmt-rtf1cells, if rtf1 is main-
ained in the repressed state for 48 hr, the pattern of
ands by Southern blot indicates that the majority
f cells contain the initial orientation of ura4 and <5%
f DNA is found in the “switched” orientation. This
5% probably corresponds to leak-through of rtf1
ranscription and/or spontaneous recombination. Fol-
owing induction for 48 hr (on), w20% of the cells con-
ain ura4 in the alternative orientation (Figure 3B).
To determine if the switch of ura4 orientation repre-
ented homology-directed recombination events, we
ssessed whether the inverted repeat was required.
wo constructs representing a single RTS1 sequence,
ither cen-distal or cen-proximal to the ura4 sequence
Rura and uraR, respectively; Figure 3C), were exam-
ned. Neither showed evidence of additional bands cor-
esponding to a “switched” structure. To verify the
equirement for fork stalling, we also examined RuraR
n the presence or absence of the swi1+ gene. swi1, like
tf1, was required for the ura4 orientation switch. No
ork stalling occurs at RuraR in the absence of swi1
Figure 1C). Thus, the ura4 orientation switch corres-
onds to homology-directed recombination dependent
n replication fork stalling.
Arrested replication forks at RuraR increase levels of
ecombination. We next analyzed the genetic depen-
ency of the orientation switch. The smt0 rad+ RuraR
mt-rtf1 control culture showed 40% of ura4 se-
uences in the alternative orientation 48 hr after rtf1
nduction (Figure 3D). The generation time of w3.5 hr
eans that 4.7% of cells experienced a recombination
vent in one cell cycle when forks are stalled at RuraR.
ad50 deletion reduced the percentage of DNA with the
lternative orientation to w10% (1.2% cells/genera-
GCR and Recombination at RFBs
693Figure 2. RuraR-Specific Fork Stalling Induces Rhp51Rad51 and Rad22Rad52 Foci
(A) Indirect immunofluorescence with α-Rhp51 was used to determine Rhp51Rad51 localization when rtf1 was repressed (off) or induced for
48 hr (on) in the RuraR nmt-rft1 or ura4+ nmt-rft1 strains indicated. Two strengths of the nmt promoter (low = nmt81, medium = nmt41) were
used. The percentage of septated (S phase), mononuclear (G2 phase), and total cells containing distinct foci were scored by microscope.
Values are mean of two independent experiments.
(B) Representative example of Rhp51Rad51 foci in the presence (on) or absence (off) of RuraR-specific fork stalling. Closed and open arrows
indicate mononucleate and septated cells, respectively.
(C) Rad22 foci were analyzed and quantified by fluorescence of GFP-tagged Rad22Rad52 when rtf1 was either repressed (off) or induced for
24 or 48 hr (on) as in (A). Values are mean of two independent experiments.
(D) Representative examples of Rad22rad52 foci in the presence (on) or absence (off) of RuraR-specific fork stalling.
(E) QPCR analysis of chromatin IP of the RuraR locus. rtf1 was induced (on) or not (off) for 48 hr. The four regions analyzed, C3 and C5 for
cen-proximal and T3 and T5 for tel-proximal, are indicated above. Values are mean of three independent experiments, error bars are ±
standard deviation of the mean.
Cell
694Figure 3. Replication Fork Stall Induces Intrachromosomal Recombination
(A) Recombination between the inverted RTS1 sequences at RuraR leads to a switch of ura4 orientation that can be distinguished by digestion
with BlpI or EcoRV.
(B) The ura4 orientation switch detected in RuraR nmt-rtf1 cells by Southern blot (probe indicated in [A]) 48 hr after induction (on) or repression
(off) of rtf1. Genomic DNA was digested with either BlpI or EcoRV. Bands were quantified by phosphoimager: the relative intensity of the
“switched” (represented by an arrow) band is shown as the % of the total of both “switched” and “initial” (represented by an asterisk) bands.
Values are from two or three independent experiments; error bars are ± standard deviation of the mean.
(C) First 12 lanes from left: ura4 orientation switch analyzed in three independent Rura and uraR strains that carry only one RTS1 sequence
at either the tel- or cen-proximal position, respectively. First 8 lanes from right: ura4 orientation switch analyzed in two colonies of either
RuraR swi1+ or RuraR swi1-d. Genomic DNA was prepared from fresh cultures established from single colonies and the same cultures after
24 hr. DNA was digested with EcoRV, Southern blotted, and probed as in (B).
(D) Southern blot analysis, as above, of ura4 orientation switch in smt0 rad+ RuraR nmt-rtf1 cells and equivalent rad50-d and rhp51-d mutants
before induction (0) and 24, 48, and 72 hr following induction of rtf1 (on) and the equivalent time points in uninduced cultures (off). Graphs
show quantification by phosphoimager. Values are mean of at least three independent experiments, error bars are ± standard deviation of
the mean.
(E) Southern blot analysis of ura4 orientation switch in two independent colonies of genotype smt0 rad+ RuraR nmt-rtf1 and an equivalent
rad22-d strain. 0, before induction; 48, 48 hr following induction (on) or repression (off) of rtf1. Graphs show quantification by phosphoimager.
Values are mean of at least three independent experiments, error bars are ± standard deviation of the mean.
GCR and Recombination at RFBs
695tion), while deletion of rhp51rad51 reduced the percen-
tage to w24% (3.1% cells/generation). We also ana-
lyzed the rad22rad52 null mutant. In the absence of
rad22rad52, bands corresponding to the ura4 orientation
switch were undetectable (Figure 3E). Since the
rad22rad52 null mutant showed sensitivity to induction
of RuraR-specific fork stalling (Supplemental Figure
S2), this demonstrates that the ura4+ orientation switch
induced by fork stalling required recombination. The
modest decrease observed for the rhp51rad51 null mu-
tant is consistent with observations in budding yeast
that show that recombination between inverted repeats
is largely RAD51 independent (Symington, 2002). The
data are also consistent with a Rad22-promoted strand
invasion pathway independent of Rhp51 that was re-
cently identified in S. pombe (Doe et al., 2004).
Fork Arrest Induces Chromosomal Rearrangements
In bacteria, replication forks stalled at ectopically posi-
tioned Ter sites result in chromosomal rearrangements
(Michel et al., 2004). In human cells, fragile sites are
proposed to be a signature of stalled forks and are
prone to breakage (Arlt et al., 2003). To establish
whether RTS1-induced stalled forks at RuraR induce
rearrangement, we selected for loss of ura4+ function
by 5-FOA resistance. rtf1 induction stimulates 5-FOA
resistance rates by 8- to 10-fold (p < 0.00001 and p =
0.00008, respectively) in RuraR nmt81-rtf1 and RuraR
nmt41-rtf1cultures (Figure 4A). rtf1 expression in the
absence of RTS1 (ura4+ nmt-rtf1) or RuraR presence in
the absence of rtf1 induction did not stimulate 5-F0AR
rate (Figure 4A). Similar results were obtained by induc-
ing RuraR-specific fork stalling with swi1 (data not
shown). Thus, RuraR-specific fork stalling induces ge-
netic instability.
To characterize the nature of this genetic instability,
primers were designed to amplify a potential junction
between chromosomes II and III that would result from
ectopic recombination events between RTS1 sequences
at RuraR (ChrIII) and the mat locus (ChrII) (Figure 4B,
top left). We also designed primers to amplify the ura4
coding sequence and, as a control, the essential rng3
gene positioned w30 Kb tel-proximal to ura4 (Figure
1A). In controls reactions (Figure 4B, top right), ura4
sequences were amplified from the rad+ RuraR strain,
but not from a ura4-D18 deletion strain. rng3 was am-
plified from both strains. The potential junction be-
tween ChrII and ChrIII was not amplified. Using these
PCR reactions, we analyzed 5-FOAR colonies obtained
from rad+ RuraR nmt-rtf1 cultures either without rtf1
induction (off) or following induction (on) (Figure 4B). All
of the 5-FOAR colonies contained rng3 (+ve control).
36% of 5-FOAR colonies derived from uninduced cul-
tures (no fork stall at RuraR) did not amplify ura4 and
were thus assumed to represent deletions. In contrast,
when rtf1 was induced (fork stalling at RuraR), 80% of
5-FOAR did not amplify ura4. Finally, the ChrII-ChrIII
junction fragment was amplified in only 2% of 5-FOAR
colonies derived from uninduced cultures and this rose
to 69.1% in 5-FOAR colonies derived from rtf1-induced
cultures (Figures 4B and 4G). The PCR products ob-
tained were sequenced to confirm specificity. Thus,
RuraR-specific fork stalling results in ura4 gene dele-
tion and chromosomal rearrangement.The presence of a ChrII/III junction in 5-FOAR colo-
nies could result from ectopic recombination between
RTS1 sequences on ChrII and ChrIII, either associated
with (translocation) or not associated with crossing
over (Figure 4C, bottom). Recombination associated
with reciprocal exchange (translocation) will modify
chromosome size. We examined chromosomes by
pulse field gel electrophoresis (PFGE) and Southern
blot. Control strains containing RuraR or not (RuraR
and 501, respectively; Figure 4C) showed the expected
three S. pombe chromosomes. Two categories of ChrII/
III junction-positive 5FOAR colonies were observed. (1)
Chromosome sizes were modified (Figure 4C, see
asterisk) to the sizes predicted following reciprocal
exchange. (2) Chromosome sizes are equivalent to
wild-type, corresponding to ectopic recombination not
associated with crossing over.
In both categories, gene conversion events near the
recombination initiation point would be expected. We
probed the PFGE membranes with a 125 bp probe from
ChrII immediately adjacent to RTS1 (Figure 4C). As ex-
pected, only ChrII was revealed in the control strains
RuraR and 501. The one 5-FOAR colony analyzed that
did not show the ChrII/III junction by PCR (third lane,
Figure 5C) also only revealed ChrII. In contrast, both
the modified chromosomes (type 1) or both ChrII and
ChrIII (type 2) were revealed in 5-FOAR colonies that
were PCR positive for the ChrII/III junction. This strongly
suggests that the ChrII/III junction fragment results
from gene conversion events either associated with
(modified chromosome sizes) or not associated with
(unmodified chromosome sizes) crossing over. The same
membrane was probed with rng3 sequences to analyze
the position of a marker flanking the recombination initia-
tion point byw30 Kb. Only ChrIII was revealed in the con-
trol strains RuraR and 501. In the strains derived from non-
crossover gene conversion, only ChrIII was revealed,
consistent with distant flanking markers not being ex-
changed. In strains derived from gene conversion asso-
ciated with crossover, rng3 was located on the smallest
chromosome, confirming that ChrII and ChrIII arms
were reciprocally exchanged.
To ascertain the extent of gene conversion in the type
2 nonreciprocal exchange events, we used quantitative
PCR to estimate the relative abundance of DNA telo-
mere proximal to RTS1 on ChrII for four independent
colonies. Between 22.5 Kb and 25 Kb of DNA was rep-
resented approximately 2-fold (Figure 4D), suggesting
an extensive gene-conversion tract. Analysis of 14 sep-
arate type 2 recombinants by Southern blot using either
ura4 or the ChrII fragment as a probe demonstrated a
common restriction pattern for most (12) of the events
and confirmed that ChrII was not rearranged in type 2
nonreciprocal exchanges (data not shown). Thus, the
majority of events represent a common rearrangement.
We next analyzed ura4 loss in recombination mu-
tants. First, we scored 5-FOAR in the smt0 rad+ RuraR
nmt-rtf1 strain and in corresponding rad50-d and
rhp51-d mutants (Figure 4E). The 5-FOAR rate was in-
duced 5-fold by rtf1 induction in the smt0 rad+ strain
(p = 0.0001) (this compares to 10-fold in the h− rad+
strain, indicating that the status of the mat locus influ-
ences this assay). However, no significant 5-FOAR in-
duction following rtf1 induction was observed in the ab-
Cell
696Figure 4. RuraR-Specific Fork Stalling Induces Gross Chromosomal Rearrangements
(A) Induction of rtf1 in RuraR nmt-rtf1 cells induces ura4 marker loss as assayed by 5-FOA resistance. Two different strengths of nmt promoter
were analyzed: nmt81 (low expression) and nmt41 (medium expression). 10–20 cultures per strain and per condition were analyzed by
fluctuation analysis. ura4 loss rate was determined using the median method.
(B) Top left: graphic of ChrII and ChrIII. Black arrows indicate primers used to detect the unique sequence resulting from recombination
between ChrII (TLII) and ChrIII (TLIII). TLII and TLIII primers flank RTS1 at 120 bp and 160 bp on ChrII or ChrIII, respectively, and amplify a
1140 bp product. Rng3: an essential gene between RuraR and tel. Top right: three panels show the specificity of PCR amplification using
ura4 (960 bp), rng3 (647pb), or the TLII/III (translocation-specific) primers using template DNA from 501 (ura4-D18) and the RuraR nmt-rtf1
strains. “− control” indicates no template. Bottom: example of the PCR analysis of 5-FOAR colonies obtained from h− RuraR nmt-rtf1 cultures
either without rtf1 induction (off) or following rtf1 induction (on). Colony PCR reactions with ura4, rng3, or the TLII/III primers (see top left)
were performed directly. rad+ indicates checkpoint and recombination proficiency.
(C) PFGE analysis of both control (h− RuraR nmt-rtf1 and “501” that harbors ura4-D18) and 5-FOAR TLII/III-PCR-positive strains. A single
5-FOAR TLII/III-negative strain is also included (third lane, arrow). Top left: ethidium staining. I, II, and III indicate normal-sized chromosomes.
Rest of gels: Southern blot analysis using chromosome II probe (0.125 kb immediately tel-proximal to RTS1), rng3, and ura4 probes. Proposed
outcomes of recombination between the RTS1 sequences at RuraR (ChrIII) and the endogenous mat locus (ChrII) are diagrammed below.
Right: chromosome sizes (Mb). The ChrII probe is indicated.
(D) Gene conversion tract size analysis by quantitative PCR. The relative abundance of DNA telomere proximal to RTS1 on ChrII was deter-
mined against the relative abundance of Dlp1 gene on ChrI in four type 2 nonreciprocal exchange events. Values are mean of three experi-
ments, error bars are ± standard deviation of the mean.
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(E) Loss rate of ura4 assayed by 5-FOA resistance in the smt0 rad50-d RuraR nmt-rtf1 and smt0 rhp51-d RuraR nmt-rtf1 strains compared
to smt0 rad+ and h− rad+ control strains. Experimental details as in (A).
(F) Examples of colony PCR analysis of 5-FOAR colonies obtained without rtf1 induction (off) or following rtf1 induction (on) in smt0 rad+
RuraR nmt-rtf1, smt0 rad50-d RuraR nmt-rtf1, and smt0 rhp51-d RuraR nmt-rtf1 strains. Experimental details as in (B).
(G) The % of recombination events between ChrII and ChrIII (% translocation) detected by PCR among 5-FOAR colonies in the various genetic
backgrounds analyzed in (E).
represent a spontaneous mutator phenotype in recom-Figure 5. A Single Replication Fork Barrier Induces a Requirement for Recombination for Cell Viability
(A) Left: serial dilution assay of Rura nmt-rtf1 and ura4+ nmt-rtf1 strains in the presence (off) and absence (on) of thiamine. Plates either
contained or did not contain uracil, as indicated. Genotypes are given on the figure. rad+, recombination-proficient strain. Right: QPCR
analysis of Rad22Rad52 chromatin immunoprecipitation. rtf1 was induced (on) or not (off) for 48 hr. The four regions analyzed are shown in
Figure 2. Values are mean of three independent experiments, error bars are ± standard deviation of the mean.
(B) Equivalent experiments to (A) using uraR nmt-rtf1.
(C) QPCR analysis of Rad22Rad52 chromatin IP on ChrII in uraR nmt-rtf1 strain after 48 hr of rtf1 induction (on) or not (off). The two regions
analyzed, C for cen-proximal and T for tel-proximal, are indicated above on ChrII. Values are mean of three independent experiments, error
bars are ± standard deviation of the mean.
(D) QPCR analysis of Rad22Rad52 chromatin IP on uraR locus in absence of endogenous RTS1 on ChrII after 48 hr of rtf1 induction (on) or not
(off). The four regions analyzed are shown in Figure 2. Values are mean of at least three independent experiments, error bars are ± standard
deviation of the mean.sence of rad50 or rhp51rad51 (p = 0.149 and p = 0.640,
respectively). Both recombination mutants showed ele-
Rcompared to the rad+ control strain (i.e., the absence
of RuraR-specific fork stalling) (Figure 4E). This may
Cell
698bination mutants, as reported for budding yeast rad51
mutants (Game and Cox, 1973).
To verify the requirement for recombination, we used
the PCR assay to analyze ChrII/III fusion in 5-FOAR
strains derived from the rad50 or rhp51rad51 mutants in
the presence (on) or absence (off) of rtf1 induction. In
the control smt0 rad+ RuraR nmt-rtf1 strain, w35% of
5-FOAR events were PCR positive for the chromosome
II/III junction. In the rhp51-d mutant, only 2% of 5-FOAR
colonies were PCR positive for the chromosome II/III
junction (Figures 4F and 4G). In the rad50-d mutant, no
positive derivatives were observed among the 50
events analyzed. This strongly indicates that recombi-
nation proteins are required for the ectopic recombina-
tion between RTS1 sequences that is associated with
RuraR-specific replication fork stalling. We conclude that
equivalent molecular events underlie 5-FOAR whether or
not forks are stalled at RuraR when recombination
functions are absent. In contrast, in recombination-pro-
ficient cells, RuraR-specific fork stalling induces ectopic
recombination and gross chromosomal rearrangements.
A Single Replication Fork Barrier Induces
a Requirement for Recombination for Viability
Stalling replication in the context of the w850 bp RuraR
inverted repeat caused recombination protein assoc-
iation, high levels of recombination, and a require-
ment for recombination for cell viability. To establish
whether a single replication fork barrier at the same
locus produced a similar requirement for recombi-
nation functions to maintain viability, we tested uraR
(cen-proximal) and Rura (tel-proximal). This revealed a
requirement for recombination that correlated with the
anticipated extent of fork pausing based on the ex-
pected direction of replication (pause will be prevalent
at uraR, but rare at Rura). Chromatin IP also demon-
strated that the Rad22Rad52 associated with a single
stalled fork at uraR (Figures 5A and 5B). This raised the
question as to whether the endogenous RTS1 se-
quence within the mating type locus on ChrII associ-
ated with recombination proteins when replication
pauses, although this is expected to occur infrequently
(Dalgaard and Klar, 2001). We used chromatin IP to as-
say Rad22Rad52 association at this site. Contrary to the
RuraR loci, no Rtf1-dependent induction of Rad22Rad52
binding was observed at RTS1 associated with the MAT
locus. However, a 3- to 4-fold increased “basal” associ-
ation was implied (Figure 5C). Finally, a single replica-
tion block on ChrIII (uraR) in the absence of the endog-
enous RTS1 sequence on ChrII was also associated
with Rad22Rad52 when rtf1 was induced (Figure 5D).
This establishes that recombination is a feature of
stalled forks and does not require the presence of re-
peated sequences.
Discussion
We have established an assay to induce replication fork
stalling at a specific locus by transcriptional induction
of either rtf1 or swi1. We have used this system to show
that cell viability requires recombination processes, but
not DNA-structure integrity checkpoints. We further de-
monstrate that a stalled fork is a recombinogenic struc-
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sure because (1) recombination proteins associate with
he site of fork stalling, (2) fork stalling dramatically in-
uces intrachromosomal recombination, and (3) stalled
orks lead directly to gross chromosomal rearrange-
ents.
NA Structures Induced by Replication
ork Stalling
e identified four distinct replication intermediates in
esponse to fork stalling at RuraR using 2-DGE (Figure
). 1 and 2 correspond to forks stalled either at the cen-
roximal or tel-proximal RTS1 sequence. 3 corres-
onds to a double Y structure, when replication forks
tall at both RTS1 sequences. 4 migrates as an
-shaped structure and most likely is a signature of
ecombination corresponding to a Holliday junction.
Published work suggests that RuraR will be replicated
rom cen to tel (Segurado et al., 2003). This is consis-
ent with the increased intensity of intermediate 1 com-
ared to 2. The faint double Y spot (3) suggests that
orks rarely stall at both positions on the same mole-
ule, and thus either that fork stalling is transient or
hat stalled forks are rapidly processed. We favor rapid
rocessing because this is consistent with the follow-
ng properties of RuraR-specific fork stalling: (1) recom-
ination foci are highly induced; (2) recombination
utants reduce cell viability by w50%; (3) intrachro-
osomal recombination is highly induced; and (4)
-shaped recombination structures are induced with
imilar kinetics as fork stalling.
ecombination Proteins Are Recruited
n Stalled Replication Forks
ecombination foci have been observed in response to
eplication stress in mammalian and yeast cells (Haaf
t al., 1995; Lisby et al., 2001; Lisby et al., 2004; Meister
t al., 2003; Scully et al., 1997). These are proposed to
epresent recombination at stalled forks. Using ChIP,
e provide direct evidence that Rad22Rad52 is recruited
o stalled replication forks. We also observed stalling-
pecific induction of Rhp51Rad51 and Rad22Rad52 foci.
ecause Rad50-, Rhp51Rad51-, and Rad22Rad52-depen-
ent recombination occurs at RuraR-arrested forks
see below), we suggest that, as in prokaryotic cells
Michel et al., 2004), recombination proteins bind stalled
orks to generate recombination events that help bypass
ork arrest. The requirement for recombination for viability
s not a consequence of the inverted repeat at RuraR since
single cen-proximal RTS1 (uraR) shows a similar
equirement and associates with Rad22Rad52. This con-
rasts with the single endogenous RTS1 pause site at
he MAT locus. Interestingly, Rad22Rad52 was enriched
t this site in the absence of pausing. This implies a
pecialized control of recombination, possibly medi-
ted by the distinct chromatin conformation of the MAT
ocus. Importantly, Rad22Rad52 binding to forks stalled
y RTS1 does not require homologous sequences, as
ad22Rad52 associated with a single cen-proximal
talled fork on ChrIII in the absence of the endogenous
hrII RTS1.
As an alternative to generating recombination events
o help bypass fork arrest, recombination proteins at
talled forks may function independently of any require-
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699ment to induce local recombination events. For exam-
ple, they may stabilize the replication fork by protecting
ends of newly synthesized strands from nuclease at-
tack, thus allowing time for specialized helicases to re-
move DNA-protein complexes. Such a possibility is
attractive, as replication arrest would be resolved with-
out strand exchange, minimizing the potential for dele-
terious genetic rearrangements (see below).
Stalled Replication Forks Lead to Increased
Level of Recombination
Consistent with a model where stalled replication forks
recruit recombination proteins that induce strand ex-
change events to bypass RFBs, our data establish that
stalled forks are recombinogenic. Fork stalling induces
intrachromosomal HR associated with crossing over in
w4.7% of cells each generation (Figure 3). Since most
mitotic recombination events are not associated with
crossing over (Virgin et al., 2001), this likely underesti-
mates total intrachromosomal recombination. Fork
stalling also induces ectopic recombination. Our sys-
tem detects ectopic recombination only in cells that
lose the ura4 gene. Simple ectopic recombination be-
tween the RTS1 sequences within RuraR (ChrIII) and
the endogenous RTS1 sequence on (ChrII) would not
cause ura4 loss. Thus, these “simple” events are not
genetically selectable. Our analysis of the selectable
5-FOAR ura4 loss events indicates that these occur via
complex recombination events. Hence, our screening
of 5-FOAR ura4 loss events is likely to underestimate
ectopic recombination frequency.
Previous work has described replication-recombina-
tion coupled processes in both fission and budding
yeasts. The Fob1-dependent RFBs that stall replication
forks in the rDNA regions are associated with a recom-
bination hot spot (HOT1), and coupled recombination
intermediates resembling Holliday junctions (HJs) have
been identified (Kobayashi and Horiuchi, 1996; Zou and
Rothstein, 1997). rDNA repeat recombination leads to
repeat expansion-contraction. When HOT1 is placed
ectopically on ChrIII, recombination is stimulated 350-
fold (Keil and Roeder, 1984). Reports that both RFB and
HOT1 activities depended on Fob1 suggested that
HOT1-dependent recombination depends on RFB ac-
tivity (Defossez et al., 1999; Kobayashi et al., 1998).
However, HOT1-induced recombination at the ChrIII lo-
cus is RFB activity independent, suggesting that Fob1
controls RFB and HOT1 activities via distinct pathways
(Ward et al., 2000).
Another example of a recombination event initiated
by an arrested fork is mating type switching in S. pombe.
Here the replication fork encounters a single-stranded
lesion that stalls leading-strand DNA synthesis. The re-
sulting 3#OH DNA end then initiates a gene conversion
event between the active mat1 and the silent mat2P
or mat3M cassette. The identification of recombinant
mat1-mat2P or mat1-mat3M molecules during S phase
demonstrates a replication-recombination coupling
process where recombination is initiated by a DSB (Ar-
cangioli, 2000; Arcangioli and de Lahondes, 2000). DSB
formation has also been reported in the rDNA region
during Fob1-dependent recombination (Burkhalter and
Sogo, 2004). In the RuraR-dependent recombination re-ported here, we have not yet established if a DSB is
created, but the requirement of Rad50 suggests that a
DSB may indeed be formed at stalled forks. It will be
interesting to establish if the Rad32Mre11/Rad50/Nbs1
complex is involved in DSB resection at stalled forks,
or whether the complex plays additional and/or alterna-
tive roles such as the maintenance of sister-chromatid
cohesion, as suggested for DNA repair during S phase
(Hartsuiker et al., 2001).
Stalled Replication Fork Leads to Gross
Chromosomal Rearrangements
In S. pombe, stalled replication forks are recombino-
genic, inducing GCRs that include translocations and
deletions. In mammalian cells, GCRs are often associ-
ated with defined fragile sites: chromosomal loci de-
fined by gaps, breaks, or rearrangements (Arlt et al.,
2003). Fragile sites are sensitive to inhibition of replica-
tive polymerases, and their induction results in increased
sister-chromatid exchanges, deletions, and transloca-
tions (Glover and Stein, 1988). Several lines of evidence
suggest that fragile sites are associated with perturba-
tion of DNA replication. First, some rare fragile sites in-
volve expansion of trinucleotide repeats (FRAXA, E, F)
or expansion of a 33 bp AT-rich minisatellite repeat
(FRA16B, reviewed in Warren, 1996; Yu et al., 1997). The
repetitive DNA is thought to form secondary structures
that block replication forks movement. Second, several
fragile sites correspond to late-replicated regions and/
or can be induced by replication perturbation (Glover
et al., 1984; Hansen et al., 1997; Le Beau et al., 1998;
Subramanian et al., 1996). For example, when replica-
tion is compromised, a fraction of cells enter in G2 with
incompletely replicated DNA at the most common frag-
ile site, FRA3B (Le Beau et al., 1998). Finally, inhibition
of the replication checkpoint kinase ATRRad3/Mec1 re-
sults in a 5- to 20-fold increase in fragile site induction
by aphidicolin (Casper et al., 2002).
Our data directly demonstrate that blocking DNA rep-
lication at a specific site results in specific transloca-
tions and deletions. This strongly supports the proposal
that fragile sites can be caused by unreplicated chro-
mosomal regions that occur because forks are stalled.
Our estimation of GCRs induced by RuraR-specific fork
stalling is likely an underestimate (see above). Because
our assay mimics natural pause sites associated with
nonhistones protein-DNA complexes, these results
suggest that such sites are potential fragile sites. Pre-
sumably, one role of the ATRRad3/Mec1 checkpoint is to
protect these sites, possibly explaining the essential
nature of this checkpoint, the increase in fragile site
expression when ATRRad3/Mec1 is ablated and the chro-
mosomal breakage at replication slow zones associ-
ated with Mec1ATR loss in budding yeast (Cha and
Kleckner, 2002).
Checkpoint Function on Arrested Replication Fork
DNA replication and DNA damage checkpoints are not
required for cell viability in response to RuraR-specific
fork stalling. This contrasts with the requirement for the
replication checkpoint in maintaining cell viability in re-
sponse to HU or MMS treatment (al-Khodairy and Carr,
1992). The replication checkpoint protects forks stalled
Cell
700by HU from disassembly (Cobb et al., 2003; Katou et
al., 2003; Lindsay et al., 1998), and the absence of
checkpoint functions cause replication proteins (DNA
helicases and polymerases) to dissociate from the site
of nucleotide incorporation. This dissociation is thought to
generate ssDNA ahead of the fork and prevent the pro-
tection of the nascent chains. These circumstances can
result in DNA processing to generate DSBs and other
pathological DNA structures (Lopes et al., 2001; Sogo
et al., 2002).
Several lines of evidence suggest that replication
forks are not stabilized when they are stalled at the
RuraR locus and that the replisome disassembles rap-
idly. First, if fork stabilization did occur, the absence of
Rad3ATR or Cds1Chk2 would be expected to lead to cell
death. Second, recombination foci (Mre11 or Rad52)
arise during S phase arrest by HU only in the absence
of checkpoint functions, when replication forks disas-
semble (Lisby et al., 2004). Since we see recombination
foci appear rapidly after fork arrest, we conclude that
forks disassemble rapidly. Third, when replication forks
are stalled by the DNA-protein complex at the Fob1-
dependent RFB within the rDNA repeats, only a few
bases of ssDNA are revealed (Gruber et al., 2000). This
contrasts with the response to HU treatment, where ap-
proximately 300 bp of ssDNA accumulate at the replica-
tion fork (Lopes et al., 2001). Since ATRRad3-dependent
checkpoints are activated by ssDNA-RPA complexes
(Zou and Elledge, 2003), this suggests that the lack of
ssDNA accumulation would preclude checkpoint acti-
vation.
Conclusion
Using site-specific replication fork stalling, we demon-
strate that forks stalled by nonhistone-protein/DNA
complexes lead to recombination and promote gross
chromosomal rearrangements and that recombination
is required for cell viability. Recombination also causes
deleterious recombination events and genomic instabil-
ity. This reveals the “double-edged sword” of recombi-
nation: it can restore replication when the replisome
disassembles, but at the expense of potential genetic
instability.
The human genome contains large families of highly
repetitive DNA. Because replication-associated recom-
bination can cause inappropriate ectopic recombina-
tion, this suggests that recombination must be closely
regulated. Human cancer is commonly associated with
genomic rearrangements, and errors in recombination
are also associated with several inherited diseases
(Shaw and Lupski, 2004). In our experiments, check-
point functions did not influence cell viability during
fork stalling. However, checkpoint proteins influence
the resolution of late recombination structures (Caspari
et al., 2002). This suggests that future experiments to
determine how the outcome of recombination initiated
by stalled replication is directed will offer insights into
the etiology of cancer and genetic diseases.
Experimental Procedures
Genetics and Cell Biology Techniques
Strains were constructed by standard genetic techniques. Indirect
immunofluorescence microscopy was performed according to a
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4reviously described protocol (Caspari et al., 2000). α-Rhp51 anti-
ody was diluted at 1:400. For Rad22-GFP visualization, an in vivo
hromatin binding assay (Kearsey et al., 2000) was employed. For
uclease treatment, benzonase was used at 25 U/ml in 250 mM
aCl for 30 min at RT. To determine the percentage of cells with
hp51 or Rad22 foci, >300 nuclei were visualized for each sample.
or ura4 loss assay, a minimum of 10 independent single colonies
rom appropriate strains growing in the absence or presence of
hiamine were inoculated in 10 ml of nonselective media (either +
r – thiamine) and grown to stationary phase. Appropriate dilutions
ere plated on supplemented YEA to determine the number of via-
le cells. To select for ura4−, 1 × 107 cells were plated on YEA
upplemented with 5-fluoroorotic acid. Colonies were counted af-
er 5 days at 30°C. The rate of ura4 loss was determined with the
ethod of the median. Statistical significance was detected using
he nonparametric Mann-Whitney U test.
olecular Biology Techniques
olecular analysis of replication intermediates and PFGE experi-
ents were performed as previously described (Lopes et al., 2001;
erkade et al., 1999). Experimental details are given in the Supple-
ental Data. Chromatin immunoprecipitation was performed using
protocol modified from Strahl-Bolsinger et al. (1997). Anti-GFP
ntibody (Molecular Probe) was used 1:300 and precipitated with
protein Dynabeads. The relative amounts of PCR products were
uantified by real-time PCR (qPCR) on 5 l of each samples using
uantiTect SYBR Green PCR master mix (Qiagen). Fold enrich-
ents were calculated as previously described (Chakrabarti et al.,
002).
upplemental Data
upplemental Data include two figures, one table, and Supplemen-
al Experimental Procedures and can be found with this article on-
ine at http://www.cell.com/cgi/content/full/121/5/689/DC1/.
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